The aim in this study was to estimate variance components and heritability of different longevity measures related to productive life and survival at a specified age, using linear and threshold models, to specify the more appropriate measure to express longevity in Brazilian Holstein cows. Production and reproduction records of Holstein cows were collected from 1991 to 2010, for cows born between 1987 and 2006. Variance components were obtained by restricted maximum likelihood (REML) for measures of productive life and a Bayesian analysis for survival measures. The heritability estimates for longevity measures ranged from 0.06 to 0.09, using the linear model and from 0.05 to 0.18 for traits using the threshold model. This suggests an inexpressive genetic gain using selection for these traits, whereas improvements in environmental factors which affect these animals may lead to greater phenotypic gains. Survival up to 48 months from first calving was the measureing point defined as the most appropriate to be included in future official genetic evaluations of Holstein cattle in Brazil.
Introduction
Selection of dairy cattle in Brazil has focused on productive characteristics such as milk production for many years. This has led to a reduction in the genetic merit of reproductive, health and longevity characteristics (Wall et al. 2005 , Pérez-Cabal et al. 2006 , and has had direct economic impacts on the production system. Longevity is determined by decisions related to voluntary culling of cows, based on their milk production, or involuntary culling, due to problems related to locomotion, reproduction and health (Berry et al. 2005) . A decrease in involuntary culling, as well as reducing costs of cow replacement, can lead to an increase in selection intensity for milk production, resulting in greater genetic gain due to the higher chance of voluntary disposals (Logrotta et al. 2010) .
Different measures for longevity have been reported in the literature, such as length of productive life, total milk production, herd life, total number of lactations and survival observed at a certain age, measured from birth or after first calving (Vacek et al. 2006) .
Direct selection for longevity may be limited due to the amount of time needed to obtain the measurement. Longevity can be measured up to a certain point in life, culling or death of the animal and is characterized by low heritability (0.03 to 0.10), particularly when assessed by a linear model (Vollema & Groen 1996 , Cruickshank et al. 2002 , Tsuruta et al. 2005 , Daliri et al. 2008 ). However, higher heritability has been reported for measures of survival when evaluated by the threshold model (Queiroz et al. 2007 , Ahlman et al. 2011 , which may contribute to an acceleration in the response to selection for longevity.
Given the economic importance of this trait for the dairy industry and considering the few studies available with the Holstein breed in Brazil, this work aimed to estimate variance components and heritability for different measures of longevity using both linear and threshold models, to identify the most appropriate measure to be used in future official genetic evaluations for the Holstein breed in Brazil.
Material and methods
Production and reproduction records of Holstein cows collected by the Dairy and Herd Control of the Brazilian Association of Holstein Cattle Breeders -ABCBRH and its state affiliates, from 1991 to 2010 were used, relative to cows born between 1987 and 2006. Production and reproduction data were used to calculate measures of longevity related to productive life: total milk production in all lactations, in kilograms (Long1), number of lactations initiated (Long2), total milking days (Long3); time from birth to last milk recording, in months (Long4), time from first calving to the last milk recording, in months (Long5), and measures related to survival from birth to 36 (Long6_36), 48 (Long6_48), 60 (Long6_60) 72 (Long6_72) and 84 (Long6_84) months of age, as well as survival to 12 (Long7_12), 24 (Long7_24), 36 (Long7_36), 48 (Long7_48) and 54 (Long7_54) months after first calving.
Survival measures were defined assuming success (1) for cows that remained in the herd and failure (0) for those which were no longer in the herd at stipulated ages.
To maintain consistency of longevity measures, cows that could still be alive at the time of analyses were excluded from the dataset. Two criteria were used to verify whether the cows were still alive in the herd. The first was the presence of the last date of milk recording and the second consisted of the difference between the date of the cow's last calving (up to the time of data collection for each cow) and the date of the latest calving on each farm. When this difference was less than 24 months the cow was considered to be alive. The 24 month period was used because about 95 % of this population showed a new calving during this period. This criterion was also used by Caetano et al. (2011) Contemporary groups (CG) were formed for the different measures of longevity. For survival measures, CG were defined by herd and year of first calving. For the other measures it was defined by herd, year and season of first calving. The seasons were defined as: summer (January to March), autumn (April to June), winter (July to September) and spring (October to December). For the longevity analysis, milk production in the first lactation and age at first calving were divided into four classes. The classes of milk production in the first lactation were: up to 6.500 kg, 6.501 to 7.750 kg, 7.751 to 9.000 and greater than 9.001 kg milk and the classes for age at first calving were: up to 24 months, 25 to 26 months, 27 to 29 months and greater than 29 months of age.
Bulls had at least two daughters in two different herds and CG had at least five records. A connectability test was performed among contemporary groups using the software AMC (Roso & Schenkel 2006) and groups with no genetic connection were excluded (Table 1) . For survival measures, groups without variation were excluded, that is, containing a single score (0 or 1) as proposed by Harville & Mee (1984) . The number of cows, bulls, cow dams, herds and contemporary groups for longevity measures are shown in Table 1 .
Estimates of (co)variance related to productive life were performed using the restricted maximum likelihood derivative free method in MTDFREML (Boldman et al. 1995) . A convergence criterion of 10-9 was used, restarting the analysis at each convergence, using the final values of the previous analysis as initial values in the new analysis of (co)variance until no further difference existed in the four decimal values of −2 log likelihood between two successive analyses.
For survival measures, the variance components were estimated by Bayesian inference using the program THRGIBBS1F90 (Misztal et al. 2002) , with a univariate threshold animal model. The THRGIBBS1F90 program generates Markov chains for the model parameters through the Gibbs sampler. A uniform prior distribution was used for the fixed effects and an inverted Wishart prior distribution (variance components) with a minimum degree of confidence for the random effects.
Analyses of survival measures consisted of a chain of 800 000 cycles with burn-in of 240 000 cycles. A sample was withdrawn every 60 iterations resulting in 9 333 samples used for parameter estimation. Convergence was verified through the R program using Geweke's (1992) and Heidelberger & Welch (1983) diagnostics, from the Bayesian Output Analysis Program -BOA (Smith 2005) . A posteriori estimates were obtained using POSTGIBBSF90 (Misztal et al. 2002) . The statistical model used for estimation of variance components of longevity measures was represented by:
where y is the vector of observations of the longevity measures, β is the vector of fixed effects (contemporary group, class of milk production at first lactation, age class at calving, plus the threshold effect for measures of survival), a is the vector of random additive genetic effects, and e is the unknown vector of random residual effects, X and Z are incidence matrices that associate observations to fixed and random direct additive genetic effects, respectively. The assumptions for the random additive genetic effects and residual threshold model were: 
where θ=(b', a') is the vector of parameters location with b (defined from a frequentist point of view, as fixed effects); a (random additive effect); W is a known incidence matrix; I is an identity matrix, and σ 2 e is the residual variance. With the Bayesian analysis, it was assumed that the prior distributions for the residual and direct additive genetic effects follow multivariate normal distributions: 
where A is the relationship matrix; σ 2 a is the additive genetic variance, I is an identity matrix. For σ 2 e it was assumed residual variance equal to 1 (Gianola & Foulley 1983) . The linkage between the two scales (categorical and continuous) can be unequivocally established, with the contribution of the probability of an observation being in the first category, being proportional to:
where y v is the response variable to V th observation, taking values 0 or 1 if the observation belongs to the first or second category, respectively, t is the threshold value; U v is the value of underlying variable to the aforementioned observation, Φ is the cumulative distribution function of a normal standard variable and w' v is a column vector of incidence that unites θ to V th observation.
Results
On average, cows produced 20 994±12.81 kg of milk (Long1) throughout their productive life, ranging from 3 064 to 59 997 kg. The number of lactations initiated ranged from one to seven, with an average of 2.7±1.45 lactations per cow (Long2). The average days in lactation during productive life were 952±497.10 days (Long3), with a 300 days minimum period and a maximum period of 2 896 days. The mean length of time cows remained in the herd, from birth (Long4) or from the first calving (Long5) was from 60±19.32 and 33±18.87 months, respectively ( Table 2 ). The percentage of cows that failed to remain in the herd increased as the time period determined by the survival measures increased (Figure 1 ). There was a decrease from 93.31 % (Long6_36) to 24.57 % (Long6_84) in the survival rate from birth to 36 months and to 84 months, respectively.
The survival rates up to 12, 24, 36, 48 and 54 months after first calving were similar to the first survival measures from birth until culling. It was observed that 36 months after first calving (Long7_36), nearly 50 % of the cows were no longer in the herd. The reduction from 94.56 % (Long7_12) to 29.16 % (Long7_54) indicates a lower ability of the cow to survive due to either voluntary or involuntary culling. Estimates of components of additive genetic variance for measures related to productive life (Long1 to Long5) were lower than the residual variances, with values ranging from 0.11 (Long2) to 622.68 (Long1) for the additive variance and 1.16 (Long2) to 9 427.15 (Long1) for the residual variance (Table 3) . Heritability of the measures related to productive life was low, with the highest estimate for Long2 (0.09±0.007). The number of cycles, burn-in period and number of samples of Markov chains were sufficient to achieve convergence of posterior distributions of the parameters of interest for survival measures, except Long7_24 which presented a value lower than 0.05 % for the Geweke's test. Moreover, the estimated mean, median and mode of the variance components and heritability, with the exception of measures Long6_36 and Long7_12, were similar, showing that the posterior distributions of these parameters were relatively symmetric (Table 4 and Table 5 ).
All measurements assessed relate to the longevity of animals, even though represented by different mathematical expressions. Likewise, the measures related to productive life and survival measures showed low additive genetic variance. The additive genetic and residual variances for survival from birth to culling ranged respectively from 0.058 (Long6_48) to 0.142 (Long6_84); from 1.009 (Long6_36) to 1.033 (Long6_60) (Table 4); and for survival from first calving to culling from 0.053 (Long7_24) to 0.230 (Long7_54); from 1.010 (Long7_12) to 1.072 (Long7_48) ( Table 5) . Long1: total milk production in all lactations, in kg, Long2: number of lactations initiated, Long3: number of days in lactation, Long4: time from birth to the last milk recording, in months, Long5: time from the first calving to the last milk recording, in months The heritability estimates for survival measures, in general, were low, for both survival from birth (Table 4) and survival from first calving to culling (Table 5 ). The highest heritability was observed for Long6_84, Long7_48 and Long7_54 months, with values of 0.12, 0.16 and 0.18, respectively. Furthermore, it was observed that heritability increased as time used in the measurement increased, determined by survival measures obtained from birth and from first calving to culling.
Discussion
The evolution of Brazilian milk production has grown continuously over the past few years, and, as a result, there has been an increase in costs, which in turn has led to a reduction in profitability (IBGE 2011) . Longevity is important in the dairy industry as herds with longerlived cows, show greater opportunity to return revenue (Queiroz et al. 2007 ), but also show a lower number of replacements, and consequent decrease in involuntary culling, increasing culling related to milk production which results in herds with higher genetic merit for milk production (Lagrotta et al. 2010) . The average observed for Long2 (2.7), Long4 (60.08 months) and Long5 (33.45 months) were similar to those reported for Holstein cows in other countries. Tsuruta et al. (2005) in the United States reported on an average of 2.8 lactations (Long2). In Iran, Nilforooshan & Edriss (2004) reported on values of 57.2 and 30.1 months, respectively for Long4 and Long5. Higher performances were observed in Simmental dairy cows by Strapák et al. (2011) with a value of 3.4 for Long2, as well as by Jovanovac & Raguz (2011) for Long4 (72 months) and Long5 (47.52 months). Differences among the studies for higher or lower longevity can be attributed to genetic and/or environmental differences between the herds.
Increases in the number of longer-lived animals are expected to be accompanied by higher milk production and decreased involuntary culling. According to Forabosco et al. (2009) longer-lived animals can be controlled by lower incidence of reproductive problems, health status, body conformation and low milk production. In addition, Long1 and Long5 cover much of the animal's life and may be used for evaluation of the economic efficiency of a production system as they include reproductive, productive and cost criteria.
Increases in the percentage of cows that failed to remain in the herd until the period determined by survival measures (Long6_36 to Long6_84 and Long7_12 to Long7_54) highlight the difficulties faced by Brazilian farmers in maintaining cows with good performance, both productive and reproductive, with the passage of time (Queiroz et al. 2007) . This was expected because, with increasing age of the animal, the farmers may have more production information to identify their best cows and thus select them with more confidence.
Long1 to Long5, Long6_36 to Long6_84, and Long7_12 to Long7_54 are alternative measures to express longevity and each has its merits for selection, such as the length of the period necessary for obtaining measurements of productive life and the partial information of life provided by measures of survival. In this case, deleting records from living cows or considering them as dead or culled, may lead to biased results in estimates of genetic values (Vollema et al. 2000) . However, as they are obtained before the death of the animal, the use of survival measures may be an alternative to reduce generation intervals and enable higher genetic progress for longevity (Galeazzi et al. 2010) .
The high estimates of residual variance, low estimates of additive genetic variance and hence low heritability found for Long1 to Long5 indicate that they are highly influenced by environmental factors and thus direct selection for these traits would result in low genetic gains for the population. However, these gains can be obtained by improving the environment in which the animals are maintained. The heritability reported in the literature for different measures of longevity in Holstein dairy cows reared under temperate climate conditions was also low, ranging from 0.02 to 0.10 (Vollema & Groen 1996 , Tsuruta et al. 2005 .
Additionally, these measures are obtained only after the death or culling of animals, which may increase the generation interval (Galeazzi et al. 2010) and hinder the use of young bulls. These, on principle, have higher genetic values than older bulls in a breeding program, but due to their low use and accuracy at a young age will be underutilized.
The longevity measures analysed by the linear model (Long1 to Long5) showed lower heritability compared with those analysed by the threshold model (Long6_36 to Long6_84 and Long7_12 to Long7_54), with values ranging from 0.06 to 0.09 and 0.05 to 0.18, respectively. The highest heritability estimates for survival measures Long6_84 (0.12), Long7_48 (0.16) and Long7_54 (0.18) compared to measures of productive life underscore observations in the literature on higher heritability obtained with the use of threshold models in contrast to the linear model (Sousa et al. 2000) . These differences in heritability may be caused by intrinsic differences in longevity measures related to productive life and survival.
The low heritability observed for longevity may be due to the exclusion of cows' censored analyses. With the use of survival models Forabosco et al. (2006) reported that the heritability of longevity showed a slight decrease when no censorship records were used. According to these authors, the decrease may have been caused by the loss of genetic variation with the elimination of censored records.
Comparisons between linear and survival models indicate that the survival model results in higher estimates of heritability for longevity (Ducrocq et al. 1988 , Forabosco et al. 2006 . This may be due to the inclusion of censored data and time-dependent variables, making it an effective tool in the analysis of the longevity in dairy cattle, as environmental and management conditions that affect a cow often change over time (Forabosco et al. 2006) .
Although survival analysis was not included in the present study, it may be considered more appropriate for traits with censored data such as longevity. Nevertheless, the present study is pioneering in Brazil, generating initial parameters for future use of this and other methods for implementation of genetic evaluation for longevity in Holstein cows in Brazil.
Despite survival being measured in a manner similar to longevity, observing the absence or presence of the cow in certain period of life leads to lower heritability for survival from birth to a certain period (0.05 to 0.12), in contrast to survival from first calving (0.05 to 0.18). This can be justified by the fact that they are measured considering different periods in the cow's life, from birth or first calving, while survival obtained from first calving could be more involved with the productive period, since all measures have been adjusted for milk production in the first lactation.
Adjusting (or not) longevity for milk production during first lactation depends on the objective of selection (Galeazzi et al. 2010) . When corrected for this effect, the cow's ability to delay involuntary culling is measured, excluding problems related to udder ligaments, diseases and infertility matters (Vukasinovic et al. 1995) , and, as a result raises, the emphasis based on milk production, so-called voluntary culling.
The highest heritabilities for survival were observed in older age groups (Long6_84 (0.12), Long7_48 (0.16) and Long7_54 (0.18)) suggesting that these may result in increased genetic progress per generation. As these measures are obtained later in the animal's life compared to other survival measures, it is important to seek a balance between the generation interval and a possible greater genetic gain obtained by the use of measures with higher heritability. As heritability is similar but a longer time is needed to obtain Long7_54, Long7_48 can be considered as the most suitable for selection in Brazilian herds, as it is obtained earlier in the animal's life in comparison with other measures.
An increase in the heritability with increasing period for survival indicates that, as the cow matures, the environmental influence decreases, a trend also observed by Vukasinovic et al. (1995) , Groen & Vollema (1996) and Ahlman et al. (2011) in dairy cattle.
No studies were found in the Brazilian literature on survival measures assessing Holstein herds in tropical climate conditions, analysed with the threshold model. Similar results for Long7_12 (0.05), Long7_24 (0.08) and higher values for Long7_36 (0.20) were observed for Holstein cows in Sweden (Ahlman et al. 2011 ) using the threshold model.
The indirect selection for traits correlated with longevity, for instance linear type traits, can be the most suitable in comparison direct selection because these traits can be measured earlier in the animal's life and show larger heritability estimates that longevity (Daliri et al. 2008) . These traits may be promise alternatives for obtaining faster genetic progress for longevity. It is important to verify the genetic associations between longevity and other characteristics that aid in the identification of longer-lived animals in tropical Brazilian herds.
In conclusion, measures of survival assessed in later periods of the cow's life showed higher heritabilities compared to measures such as survival and those related to productive life. However, they show a low potential for response to selection. Survival from first calving to 48 months was the most efficient measure in detecting genetic variability of animals, this being indicated for use in future genetic evaluations of Holstein cattle in Brazil.
